SARA (Saturates, Aromatics, Resins, Asphaltenes) fractionation is a common simplification technique used for decades in petrochemical analysis. A large number of studies are dealing with the different fractions, but overall, the saturate fraction is strongly neglected. Of the very few available studies on the saturates fraction, almost all have been performed using gas chromatographic (GC) techniques. This discriminates the results of the saturate fraction especially since non-volatile, high molecular weight and polar constituents are mostly excluded. Here, for the first time, saturate fractions of different crude oils from different origins are analyzed using direct infusion ultrahigh resolution mass spectrometry (UHRMS), to study the compositions on a molecular level. Electrospray (ESI), atmospheric pressure chemical ionization (APCI) and atmospheric pressure photoionization (APPI) are used in positive mode. The observed results show the presence of different heteroatom containing classes, with different chemical identities (i.e., presence of thiophenes, mercaptans and cyclic-sulfides in case of S-containing compounds). These results show the high affinity of some specific compounds towards different ionization techniques. Finally, the saturate fraction is shown to include much more than only volatile, saturated and aliphatic compounds. The detected compounds in this fraction present a very wide variety, not only in terms of their carbon atoms per molecule and their aromaticity, but also with regard to their functional groups and structural arrangements.
Introduction
A better understanding of the properties and behavior of crude oil during different (petroleum) processes (i.e., extraction, transportation and refining), requires a thorough knowledge about its chemical composition [1] . Crude oil is one of the most complex chemical mixtures in the world. Some reports indicate the presence of more than 10 6 chemical compounds in crude oil samples [2] . These compounds include aliphatic and polyaromatic hydrocarbons, different types of hetero-cycles (N, O, S) as well as some trace amount of metals [3, 4] , which differ not only in molecular weight, but also in polarity and structure. Due to this high complexity, there is no single analytical technique that can fully characterize a crude oil and provide detailed chemical information on the molecular level. Therefore, performing a pre-simplification step is a requirement to get a deeper knowledge of the chemical constituents of the conventional crude oil sample [1, 5] . One of the most commonly used simplification techniques for petroleum samples is the so-called SARA fractionation. SARA is the acronym for the different fractions resulting from this technique (Saturate, Aromatics, Resin and Asphaltene). This fractionation technique was first introduced by Jewel et al. [6] and was further studied, developed and optimized in the last decades by various research groups [1, [7] [8] [9] [10] . SARA fractionation is based on the solubility, polarity and adsorption affinity of the different petroleum compounds [3, 9] .
Materials and Methods

SARA Fractionation
Crude oils for this study were selected from three different origins: A light oil from East Asia, a medium oil of Arabic origin and a heavier oil from Eurasia. A total of 6 g of each oil was collected and the asphaltenes were separated using a modified IP-143 method, which is described in detail elsewhere [26, 28] . Of the remaining maltenes from each oil, 1 g was mixed with the silica sorbent (Silicalgel 60, 40-63 µm, Merck KGaA, Darmstadt, Germany) which later was loaded on an individual pre-column (75 mm × 12 mm). Separation of the maltenes was performed using an automated open column chromatography system (Sepecore X10, Büchi, Labortechnik GmbH, Essen, Germany equipped with a UV-Vis Detector C-640 (Büchi, Labortechnik GmbH, Essen, Germany)) using cartridges (150 mm × 12 mm, packed with silica sorbent) and a solvent flow rate of 3 mL min −1 . The saturate, aromatic, resin I and resin II fractions where eluted using cyclohexane, cyclohexane:dichloromethane (1:1, v/v), methanol and ethyl acetate, respectively [10] . Elution of the single fractions was maintained using the UV-absorption of the effluent at 254 nm. The collected fractions were evaporated to dryness and stored for further analysis. More details about the SARA fraction ratios of the three crudes are shown in Figure 1 . 
Instrumentation and Methods
Mass spectra were recorded on a research-type Orbitrap Elite mass spectrometer (Thermo Scientific, Bremen, Germany). The recorded mass range was m/z 200−1200, using spectral stitching (mass windows of 30 Da with 5 Da overlap), at a mass resolving power of R = 480,000 (FWHM at m/z 400).
Figure 1.
Detailed charts from the extracted amount of asphaltenes and maltenes from 6 g of crude oil, and further extracted saturates, aromatics, resin I and II from 1 g of maltenes of heavy Eurasian oil (left), Arabic medium oil (middle) and American light oil (right).
Ionization Methods
Electrospray ionization (ESI): The sample solutions were introduced at a flow rate of 5 μl min −1 . The ionization was performed in positive mode at a spray voltage of 4.2-4.7 kV. Nebulization was assisted by a sheath gas flow of 5-7 arbitrary units. The flow rate of the auxiliary gas and sweep gas were optimized and set accordingly to 3-5 and 1-2 arbitrary units for each sample.
Atmospheric pressure chemical (APCI): The flow rate of the sample was set at 5 μl min −1 . The ionization was performed in positive mode, at a corona discharge current of 5-6 μA. The heated sprayer was operated at 350 °C.
Atmospheric pressure photoionization (APPI): The flow rate of sample infusion was 7 μl min −1 . The ionization was performed in positive mode. A Krypton VUV lamp (Syagen Technologies, Tustin, CA, USA) with a photon emission at 10.0 and 10.6 eV was used for ionization. The heated sprayer was operated at 350 °C.
For all analysis performed using different ionization methods, the transfer capillary temperature was set at 275 °C.
Data Analysis
The acquired data were analyzed by Composer64 Version 1.5.0 (Sierra Analytics, Inc., Modesto, USA). For peak assignment the following criteria were applied: 0 ≤ ≤ 1000, 0 ≤ ≤ 200, 0 ≤ ≤ 3, 0 ≤ ≤ 3, 0 ≤ ≤ 3, and 0 ≤ ≤ 80 with a maximum mass tolerance of 1 ppm. During evaluation, double bond equivalent (DBE) is used as an important parameter to compare the unsaturation degree of different components. DBE refers to the sum of the ring closures and the number of double bonds within a molecule. This value can be calculated from the molecular formula (CcHhNnOoSs) of each individual assignment, using the following equation: 
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Figure 1.
UHRMS Sample Preparation
For direct infusion, saturate samples were diluted in a toluene: methanol (1:1, v/v) mixture to a final concentration of 250 µg mL −1 and then analyzed with no further treatment.
Instrumentation and Methods
Mass spectra were recorded on a research-type Orbitrap Elite mass spectrometer (Thermo Scientific, Bremen, Germany). The recorded mass range was m/z 200−1200, using spectral stitching (mass windows of 30 Da with 5 Da overlap), at a mass resolving power of R = 480,000 (FWHM at m/z 400). For all analysis performed using different ionization methods, the transfer capillary temperature was set at 275 • C.
Ionization Methods
Data Analysis
The acquired data were analyzed by Composer64 Version 1.5.0 (Sierra Analytics, Inc., Modesto, USA). For peak assignment the following criteria were applied: 
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Results
SARA Fractionation
The extracted saturate fractions from the three different oils are shown in Figure 2 . Of the three crudes in this study, the E. Asian light oil had the highest amount of saturates (0.92 g in 1 g of maltenes), followed by the heavy Eurasian oil (0.47 g in 1 g of maltenes) and the Arabic medium oil (0.43 g in 1 g of maltenes). The extracted saturate fractions from the three different oils are shown in Figure 2 . Of the three crudes in this study, the E. Asian light oil had the highest amount of saturates (0.92 g in 1 g of maltenes), followed by the heavy Eurasian oil (0.47 g in 1 g of maltenes) and the Arabic medium oil (0.43 g in 1 g of maltenes). 
UHRMS Measurements
Results of direct infusion of different saturates show that the constituents of these samples were not only hydrocarbons, but also the heteroatom containing classes (N, NO, NS, Sx and Ox). Figure 3 shows the population-based (number of assigned elemental compositions) class distribution of the different saturate fractions using three different ionization techniques. Measurements using ESI (grey bars) in all samples, show a larger variety of compound classes with polar moieties (especially N-containing classes) as expected [28] [29] [30] . Results of the measurements of the same samples using APCI (red bars) and APPI (blue bars) show similarities in the type of detected compound classes. In all of the samples, APCI and APPI measurements show a higher number of hydrocarbon compounds and O-containing compound classes. These results comply with the reports in the literature regarding the favored compound classes for APCI(+) and APPI(+) ionization techniques [32, 33] . 
Results of direct infusion of different saturates show that the constituents of these samples were not only hydrocarbons, but also the heteroatom containing classes (N, NO, NS, S x and O x ). Figure 3 shows the population-based (number of assigned elemental compositions) class distribution of the different saturate fractions using three different ionization techniques. Measurements using ESI (grey bars) in all samples, show a larger variety of compound classes with polar moieties (especially N-containing classes) as expected [28] [29] [30] . Results of the measurements of the same samples using APCI (red bars) and APPI (blue bars) show similarities in the type of detected compound classes. In all of the samples, APCI and APPI measurements show a higher number of hydrocarbon compounds and O-containing compound classes. These results comply with the reports in the literature regarding the favored compound classes for APCI(+) and APPI(+) ionization techniques [32, 33] .
Spectra of the measurement of saturates from the Arabic medium oil, using different ionization methods are shown in Figure 4 as an example. The spectrum of ESI(+) measurement shows a distribution in a smaller mass range (m/z 200-550) compared to the APCI(+) and APPI(+) measurements (m/z 200-ca. 1000). In all measurements, the highest abundant series of peaks are related to S 1 class compounds with a DBE of 6. For the ESI(+) and the APCI(+) spectra these peaks are observed as protonated molecules ([M+H] + ), while the APPI(+) spectrum shows predominantly radical cations ([M + ]). Spectra of the measurement of saturates from the Arabic medium oil, using different ionization methods are shown in Figure 4 as an example. The spectrum of ESI(+) measurement shows a distribution in a smaller mass range (m/z 200-550) compared to the APCI(+) and APPI(+) measurements (m/z 200-ca. 1000). In all measurements, the highest abundant series of peaks are related to S1 class compounds with a DBE of 6. For the ESI(+) and the APCI(+) spectra these peaks are observed as protonated molecules ([M+H] + ), while the APPI(+) spectrum shows predominantly radical cations ([M + ]). The class distribution in Figure 3 indicates the complexity of the different samples, increased by using different ionization methods. Here, we focus on the different S classes for comparison because they show high intensity in the spectra and are compounds of importance due to their environmental impact. Additionally, S-species have a tendency to be neglected or misassigned in the GC intermediated studies [37, 38] . More detailed information about the molecular constitution of the S[H] and S class of the samples are presented in Figures 5, 6 and 7. Figure 5 shows Kendrick plots of the The class distribution in Figure 3 indicates the complexity of the different samples, increased by using different ionization methods. Here, we focus on the different S classes for comparison because they show high intensity in the spectra and are compounds of importance due to their environmental impact. Additionally, S-species have a tendency to be neglected or misassigned in the GC intermediated studies [37, 38] . More detailed information about the molecular constitution of the S[H] and S class of the samples are presented in Figures 5-7 . Figure 5 shows Kendrick plots of the S[H] class for the ESI(+) measurements of the different saturate samples. For the saturate fraction from the light oil, the high abundance region of compounds found for the other samples (below carbon atom number 25 and max. DBE value 10) is less pronounced. Instead, the Kendrick plot shows the presence of some hotspots with carbon and DBE values, which show a higher intensity than their neighboring assignments. These higher intensity regions are present in the other two saturate samples, but are far less pronounced. These high intensity regions are repeated in DBE interval values of 3 (6, 9, 12 ,… up to 21) , which differ in 4 to 6 carbon atoms. According to the reports on the different S species, these results indicate compounds which belong to the thiophenic group of compounds [39] . Figure 6 shows the corresponding Kendrick plots from the APCI(+) measurements. The overall distributions for the heavy and the medium oils, similar to ESI(+) measurements, are broader than for the light oil. Meanwhile, compositions of DBE 1 and 2 are found in both of the saturates from Arabic medium and Eurasian heavy oil. These compounds are again related to mercaptanes or (cyclic) sulfides, which were also observed in ESI(+) measurements. Assignments for the Eurasian heavy oil and the E. Asian light oil reach a DBE value of 20 with high intensities below DBE 10, while the Arabic medium oil reaches a DBE of 25 with highest intensities up to DBE 17. For the Eurasian oil the majority of the compounds with a higher number of alkyl carbon atoms are between DBE values of 3 to 20 (with up to 70 carbon atoms), while in the Arabic oil the distribution starts from DBE 1 to 15 (with up to 80 carbon atoms). In the case of Arabic medium oil, the above-mentioned distribution is also the high intensity region of the plot. The high intensity region in the distribution of Arabic medium oil (DBE below 20) shows detection of a series of compounds with a high degree of alkylation. This is due to the high response factor of non-polar and alkylated compounds towards APCI(+), which is reported in the available literature [40] [41] [42] . For the saturate fraction from the light oil, the high abundance region of compounds found for the other samples (below carbon atom number 25 and max. DBE value 10) is less pronounced. Instead, the Kendrick plot shows the presence of some hotspots with carbon and DBE values, which show a higher intensity than their neighboring assignments. These higher intensity regions are present in the other two saturate samples, but are far less pronounced. These high intensity regions are repeated in DBE interval values of 3 (6, 9, 12 ,… up to 21) , which differ in 4 to 6 carbon atoms. According to the reports on the different S species, these results indicate compounds which belong to the thiophenic group of compounds [39] . Figure 6 shows the corresponding Kendrick plots from the APCI(+) measurements. The overall distributions for the heavy and the medium oils, similar to ESI(+) measurements, are broader than for the light oil. Meanwhile, compositions of DBE 1 and 2 are found in both of the saturates from Arabic medium and Eurasian heavy oil. These compounds are again related to mercaptanes or (cyclic) sulfides, which were also observed in ESI(+) measurements. Assignments for the Eurasian heavy oil and the E. Asian light oil reach a DBE value of 20 with high intensities below DBE 10, while the Arabic medium oil reaches a DBE of 25 with highest intensities up to DBE 17. For the Eurasian oil the majority of the compounds with a higher number of alkyl carbon atoms are between DBE values of 3 to 20 (with up to 70 carbon atoms), while in the Arabic oil the distribution starts from DBE 1 to 15 (with up to 80 carbon atoms). In the case of Arabic medium oil, the above-mentioned distribution is also the high intensity region of the plot. The high intensity region in the distribution of Arabic medium oil (DBE below 20) shows detection of a series of compounds with a high degree of alkylation. This is due to the high response factor of non-polar and alkylated compounds towards APCI(+), which is reported in the available literature [40] [41] [42] . Energies 2019, 12, x FOR PEER REVIEW 8 of 12 Figure 6 shows the trend lines (and the corresponding equations) marked by the highest compounds detected in the DBE range 12-20. The slopes of these lines indicate the so-called planar limit (in this case Planar Saturate Limit (PSL)) which has been studied by Kim and co-workers [43] . The PSL for saturates of the Eurasian heavy and Arabic medium oils show a slope of 0.82 and 0.88 correspondingly. These values are in the range between 0.75 and 1, which have been attributed to the addition of aromatic and condensed aromatic rings. These highly aromatic compounds are only limited to a small region (below 25 carbon atoms) of the total distribution in the plot. These compounds are small condensed aromatic molecules, which are supposed to belong to the aromatic fraction. SARA fractionation is based on solubility, polarity and adsorption, and a complete separation of the different fractions without any overlap cannot be expected [1, 9, 16] . In case of light oil, the value of this slope is 0.35, which is slightly higher than the reported PSL in the work of Kim and co-workers (0.25) [43] . Therefore, the slope value of 0.35 indicates presence of partially unsaturated naphthenic rings in the structure of the present series of compounds. The above mentioned values are only a structural indicator for the present compounds in the upper limit of the distribution. Hence, the PSL cannot provide a fair judgment about the major structures of the present compounds in the entire sample. Comparison of the presented PSLs and total distributions in the three samples of this study shows that the abundant structures present in each sample are different from one sample to another. Meanwhile, the present compounds in one saturate sample possess very different structural compositions, which can be better studied using a combination of different ionization methods.
The corresponding Kendrick plots of the S class from the APPI(+) measurements are shown in Figure 7 . Similar to the APCI(+) results, these distributions also indicate a high degree of alkylation for the saturates from the heavy and the medium oils and are slightly broader compared to those from ESI(+) measurements of the same samples. This similarity in observation for the measurements of the same sample using different ionization methods, confirms the presence of more carbon atoms in alkyl chains in the saturates from Eurasian heavy oil and Arabic medium oil. Assignments for the Eurasian heavy oil reach a DBE value of 20 with high intensities between 3 and 10, while the Arabic medium oil reaches a DBE of 30 with highest intensities between 6 and 15. The distribution is narrower for the E. Asian light oil, therefore the degree of alkylation seems limited, as above, and the DBE value also does not exceed 20. For the Arabic medium oil the distributions exceeding a DBE value of 20 represent a continuum of compounds with abundance maxima between 20 to 65 carbon atoms. Additionally, compositions of DBE 1 and 2 are found in the saturates from Arabic medium oil, as oppose to the ESI(+) results for the same sample. The compounds are again attributed to the mercaptanes and (cyclic) sulfides. In these graphs, each dot represents one assigned composition within the S[H] class of compounds according to the number of carbon atoms within the corresponding neutral molecule and the resulting DBE value. Color-coding represents the intensity of the corresponding monoisotopic peak. Assignments for all three samples are in the range below 75 carbon atoms, and below a DBE value of 35. The compared distributions are generally broader for the heavy and medium oils, i.e., these oils contain compounds with more carbon atoms in alkyl chains than the saturate from the light oil. Saturates from the Eurasian heavy oil include assignments with a DBE value of 1 and 2, which are unique for this sample. Such compounds are non-aromatic and can only belong to the group of mercaptanes with one or two naphtenic rings or (cyclic) sulfides (e.g., thiolanes), both of which are known S-species in crude oils [37, 38] .
For the saturate fraction from the light oil, the high abundance region of compounds found for the other samples (below carbon atom number 25 and max. DBE value 10) is less pronounced. Instead, the Kendrick plot shows the presence of some hotspots with carbon and DBE values, which show a higher intensity than their neighboring assignments. These higher intensity regions are present in the other two saturate samples, but are far less pronounced. These high intensity regions are repeated in DBE interval values of 3 (6, 9, 12, . . . up to 21) , which differ in 4 to 6 carbon atoms. According to the reports on the different S species, these results indicate compounds which belong to the thiophenic group of compounds [39] . Figure 6 shows the corresponding Kendrick plots from the APCI(+) measurements. The overall distributions for the heavy and the medium oils, similar to ESI(+) measurements, are broader than for the light oil. Meanwhile, compositions of DBE 1 and 2 are found in both of the saturates from Arabic medium and Eurasian heavy oil. These compounds are again related to mercaptanes or (cyclic) sulfides, which were also observed in ESI(+) measurements. Assignments for the Eurasian heavy oil and the E. Asian light oil reach a DBE value of 20 with high intensities below DBE 10, while the Arabic medium oil reaches a DBE of 25 with highest intensities up to DBE 17. For the Eurasian oil the majority of the compounds with a higher number of alkyl carbon atoms are between DBE values of 3 to 20 (with up to 70 carbon atoms), while in the Arabic oil the distribution starts from DBE 1 to 15 (with up to 80 carbon atoms). In the case of Arabic medium oil, the above-mentioned distribution is also the high intensity region of the plot. The high intensity region in the distribution of Arabic medium oil (DBE below 20) shows detection of a series of compounds with a high degree of alkylation. This is due to the high response factor of non-polar and alkylated compounds towards APCI(+), which is reported in the available literature [40] [41] [42] . Figure 6 shows the trend lines (and the corresponding equations) marked by the highest compounds detected in the DBE range 12-20. The slopes of these lines indicate the so-called planar limit (in this case Planar Saturate Limit (PSL)) which has been studied by Kim and co-workers [43] . The PSL for saturates of the Eurasian heavy and Arabic medium oils show a slope of 0.82 and 0.88 correspondingly. These values are in the range between 0.75 and 1, which have been attributed to the addition of aromatic and condensed aromatic rings. These highly aromatic compounds are only limited to a small region (below 25 carbon atoms) of the total distribution in the plot. These compounds are small condensed aromatic molecules, which are supposed to belong to the aromatic fraction. SARA fractionation is based on solubility, polarity and adsorption, and a complete separation of the different fractions without any overlap cannot be expected [1, 9, 16] . In case of light oil, the value of this slope is 0.35, which is slightly higher than the reported PSL in the work of Kim and co-workers (0.25) [43] . Therefore, the slope value of 0.35 indicates presence of partially unsaturated naphthenic rings in the structure of the present series of compounds. The above mentioned values are only a structural indicator for the present compounds in the upper limit of the distribution. Hence, the PSL cannot provide a fair judgment about the major structures of the present compounds in the entire sample. Comparison of the presented PSLs and total distributions in the three samples of this study shows that the abundant structures present in each sample are different from one sample to another. Meanwhile, the present compounds in one saturate sample possess very different structural compositions, which can be better studied using a combination of different ionization methods.
The corresponding Kendrick plots of the S class from the APPI(+) measurements are shown in Figure 7 . Similar to the APCI(+) results, these distributions also indicate a high degree of alkylation for the saturates from the heavy and the medium oils and are slightly broader compared to those from ESI(+) measurements of the same samples. This similarity in observation for the measurements of the same sample using different ionization methods, confirms the presence of more carbon atoms in alkyl chains in the saturates from Eurasian heavy oil and Arabic medium oil. Assignments for the Eurasian heavy oil reach a DBE value of 20 with high intensities between 3 and 10, while the Arabic medium oil reaches a DBE of 30 with highest intensities between 6 and 15. The distribution is narrower for the E. Asian light oil, therefore the degree of alkylation seems limited, as above, and the DBE value also does not exceed 20. For the Arabic medium oil the distributions exceeding a DBE value of 20 represent a continuum of compounds with abundance maxima between 20 to 65 carbon atoms. Additionally, compositions of DBE 1 and 2 are found in the saturates from Arabic medium oil, as oppose to the ESI(+) results for the same sample. The compounds are again attributed to the mercaptanes and (cyclic) sulfides.
PSL values of the three samples were once again calculated for the APPI(+) measurements. These values are in the range between 0.75 and 1 (similar to the APCI(+) measurement results), which according to the aforementioned literature correspond to presence of aromatic and condensed aromatic systems in the structure of the detected compounds. Similar to what was presented earlier in the APCI measurement results, these condensed aromatic compounds are below 25 carbon atoms, which are supposed to belong to the aromatic fractions. The PSL value of the E. Asian light oil in APPI(+) measurement (0.95) shows detection of more condensed aromatic cores compared to the results of APCI(+) measurements (0.35) for the same sample. This is as a result of the high ionization efficiency of condensed polycyclic aromatic hydrocarbons (PAHs) and their corresponding heteroatom containing classes (PAXHs) using APPI(+) [44, 45] . In Figure 7 the high intensity region in the Kendrick plot for the saturates of Arabic medium oil is shown in the DBE range of 6 to 9, between 12 to 40 carbon atoms. The APPI(+) spectrum of Arabic medium oil in Figure 3 also shows the highest abundant peaks with the chemical formula assignments of C 20 H 30 S, C 27 H 44 S and C 31 H 52 S, belonging to the S class, with a DBE value of 6. Figure 8 shows some suggested structures for the above mentioned assignments and the assignments of the three other high intensity DBEs (7, 8 and 9) with the same carbon atom number in their chemical formula. As is shown in this figure, such compounds are expected to be benzothiophenes (BTs) or dibenzothiophenes (DBTs) with a different degree of alkylation. The high ionization affinity of BTs and DBTs using APPI(+) is frequently reported in the literature and is matching with the observed results of this study.
According to the available literature, most of the expected compounds are to be in the lower DBE range (below 10) with a high degree of alkylation [9] . To date, most of the GC intermediated studies on different petroleum samples have also shown the alkylated BTs, DBTs or maximum smaller alkylated benzonaphtothiophene (BNTs) as the biggest sulfur-containing heterocyclic structures [17, 38] . Therefore, most of the detected compounds in this study (e.g., assignments with higher DBEs up to 30 or a higher carbon number up to 80) are off the limit of any GC intermediated study and were neglected compounds in the saturate fraction. These results are contradicting NMR studies [46] , which indicated that the saturate fraction contains no aromaticity and the aromaticity factor of crude oil is only related to the other fractions.
When it comes to the sulfur-containing heterocycles of the petroleum, it is very important to have a fair knowledge about the variety of all present structures of these compounds. The importance of such information is emphasized when it comes to the planning for the upstream and downstream processes of a specific petroleum sample (i.e., desulfurization process, prediction of corrosion, complying with environmental protection limits). Therefore, the results of this study shows that the saturate fraction contains way more compounds than what is presented in the previous studies using GC techniques.
smaller alkylated benzonaphtothiophene (BNTs) as the biggest sulfur-containing heterocyclic structures [17, 38] . Therefore, most of the detected compounds in this study (e.g., assignments with higher DBEs up to 30 or a higher carbon number up to 80) are off the limit of any GC intermediated study and were neglected compounds in the saturate fraction. These results are contradicting NMR studies [46] , which indicated that the saturate fraction contains no aromaticity and the aromaticity factor of crude oil is only related to the other fractions. When it comes to the sulfur-containing heterocycles of the petroleum, it is very important to have a fair knowledge about the variety of all present structures of these compounds. The importance of such information is emphasized when it comes to the planning for the upstream and downstream processes of a specific petroleum sample (i.e., desulfurization process, prediction of corrosion, complying with environmental protection limits). Therefore, the results of this study shows that the saturate fraction contains way more compounds than what is presented in the previous studies using GC techniques. 
Conclusions
The saturate fraction is one of the neglected fractions in crude oil studies. Direct infusion UHRMS analysis is a powerful analytical tool which to date has not been applied in saturate fraction studies. This study showed that despite the common knowledge, a wide range of compounds containing different heteroatoms, with a considerable degree of unsaturation, are present in the saturate fraction. The detected sulfur-containing compounds in this study are shown to belong to a wide variety of sulfur species with different structures. Some of the detected sulfur-containing compounds in this study were (cyclic) sulfides or mercaptanes and thiophenic compounds with a wide range of alkylation and unsaturation degree. These compounds are exceeding the carbon number and DBE values of the so-far reported compounds in crude oil studies using GC techniques [47] . The presented results revealed the importance of direct infusion UHRMS analysis using different ionization techniques by means of gaining a clear image of the saturate fraction. Therefore, such studies are needed to be further considered for analysis of this fraction.
